A breeding program carried out under Brazilian growing conditions to obtain Capsicum annuum cultivars with disease resistance to bacterial spot (BS) produced 8 promising recombinant inbred lines (RILs). The present study aimed to characterize these RILs using phenotypic descriptors and molecular markers (inter-simple sequence repeat) and to confirm their resistance to BS. Twenty-two phenotypic descriptors and 15 inter-simple sequence repeat primers were used to characterize the RILs. The parent, UENF 1381, which is resistant to BS, and 'Casca Dura Ikeda', a traditional cultivar, were used as standards. Variability among genotypes was observed considering either binary or multicategorical characteristics, such as fruit length, fruit diameter, and fruit longitudinal and transversal section. Such variability in fruit traits can be exploited to develop new genotypes with BS resistance for various types of market consumption. RILs numbered 1, 3, and 6 were the most homogenous, whereas those coded 2, 5, 8, and 11 had the same Phenotypic descriptors and ISSR markers in Capsicum level of heterogeneity as that observed in 'Casca Dura Ikeda'. Molecular analysis clustered the genotypes into 5 groups, with RILs 1, 2, 3, and 5 allocated in isolated groups. RILs 1, 2, 6, and 8 confirmed resistance to BS. Considering homogeneity level and BS resistance, RILs 1 and 6 were suitable for use as pre-cultivars in final tests to register and release two new C. annuum cultivars.
INTRODUCTION
The genus Capsicum, which includes sweet and chili peppers, has great economic importance for integrating small, medium, and large companies in their cultivation and processing, increasing their capacities to generate employment and income (Costa et al., 2009; Moura et al., 2010; Sudré et al., 2010) . However, diseases such as bacterial spot (BS), caused by Xanthomonas spp, are responsible for significant losses in fruit quality and yield in these crops (Macuzzo et al., 2009; Hamza et al., 2010) . The use of resistant cultivars is one of the most effective methods for controlling BS because chemicals are inefficient and can lead to resistant pathogens. Several resistance genes have already been found and described for BS (Sowell Jr., 1960; Cook and Guevara, 1984; Jones et al., 2002; Riva-Souza et al., 2004) . Recently, the Bs7 gene has been identified, characterized, and introgressed from Capsicum baccatum to C. annuum, generating a near-isogenic line named ECW70R (Potnis et al., 2012) .
In Brazil, the Universidade Estadual do Norte Fluminense Darcy Ribeiro (UENF) has developed a C. annuum breeding program aiming to obtain cultivars with resistance to BS. In this program, 18 promising recombined inbred lines (RILs) for resistance and yield were obtained from bi-parental crosses between accessions UENF 1421 (sweet pepper, susceptible to BS) and UENF 1381 (chili pepper, resistant to BS) using the single-seed descent breeding method (RivaSouza et al., 2009) . These RILs have been tested under various environmental conditions to identify superior lines for specific crop management systems (Moreira et al., 2009 (Moreira et al., , 2010 .
Along with disease resistance and yield, phenotypic characteristics such as fruit shape, fruit color, and fruit size associated with these RILs have been evaluated and these must achieve a quality level that meets the expectations of farmers and consumers. These aspects should be observed consistently in developing cultivars using the list of descriptors, how as developed by Brasil (2006) . These phenotypic descriptors should be evaluated at various stages of plant development and are capable of identifying characteristics of economic interest. However, such descriptors have limitations such as subjectivity during evaluation and the time necessary to perform them, because many of them are observed in adult plants.
In addition, these variables may be insufficient for distinguishing cultivars that have the same genealogy, as in the case of RIL (Priolli et al., 2002) .
The use of molecular markers is a powerful approach to the characterization of various genotypes because it can show differences at the DNA level, which is unaffected by plant growth stage, local conditions, planting time, or agronomic management (Kwon et al., 2005) . Molecular techniques have been used successfully to differentiate cultivars, including those requiring intellectual property protection (Goulão and Oliveira, 2001; Reddy et al., 2002; Shen et al., 2006) . Among molecular markers, inter-simple sequence repeats (ISSR) are based on variations in the regions between microsatellites. This genotyping technique has a wide range of uses, including the characterization of genetic relatedness among populations, genetic fingerprinting, detection of clonal variation, and cultivar identification. The technique is considered as simple and fast as the random amplified polymorphic DNA technique but with greater stringency (Reddy et al., 2002) . The present study aimed to characterize the 8 RILs obtained in the UENF C. annuum breeding program using phenotypic descriptors and ISSR markers to confirm the genetic resistance to BS and establish a protocol for distinguishing recombinant lines.
MATERIAL AND METHODS
Eight pre-selected RILs identified as 1, 2, 3, 5, 6, 8, 11, and 13 in preliminary studies (Moreira et al., 2009 (Moreira et al., , 2010 were tested. These lines corresponded to the F 7 generation from crosses between the accessions UENF 1421 and UENF 1381. The accession UENF 1421 is susceptible to BS, with yield and fruit quality that cater to the sweet pepper market, whereas UENF 1381 is a chili pepper accession that has been used as a source of BS resistance in the UENF breeding program. Along with the RILs, UENF 1381 and the sweet pepper cultivar 'Casca Dura Ikeda' were evaluated.
The field experiment was carried out from August to December 2010 at Estação Experimental de Campos located in Campos dos Goytacazes, Rio de Janeiro, Brazil (latitude 21°19'23''S and longitude 41º19'40''W, altitude 13 m). A complete randomized block design was used with three replications and 18 plants per plot, with 12 useful plants per plot.
Twenty-two descriptors were used to evaluate and distinguish the RILs from each other and from standard genotypes. Twenty-one phenotypic descriptors were chosen from among those suggested by Serviço Nacional de Proteção de Cultivares (SNPC) to perform the tests required for Capsicum cultivar protection (Brasil, 2006) . These descriptors were used because they presented greater variability among the RILs studied (Table 1) . To evaluate these descriptors, we performed a side-by-side comparison in which characteristics were visually observed and a corresponding rate was conferred for each genotype using the scale presented in Table 1 . This approach is recommended for trials with very similar cultivars when testing clonally propagated species or autogamous plants in which relatively little variation occurs between plants of the cultivar (Brasil, 2011) . The descriptors were observed in fully developed leaves on lateral branches after the first bifurcation during flowering. When fruit descriptor observation was carried out, the fruits were ripe and originating from a second or third node.
For the reaction to BS, an experiment was conducted under controlled conditions in a greenhouse at Unidade de Apoio à Pesquisa on the UENF campus using a completely randomized design with 10 replicates and 1 plant per plot. The inoculum production and artificial inoculation were performed as described by Riva-Souza et al. (2009) . The analysis of the reaction to BS was performed from the 5th day after inoculation by means of 7 observations at intervals of 24 h, giving the following scores for symptoms at the inoculation site: 1, no visible symptoms; 2, inoculated area with chlorosis; 3, yellow inoculated area with a few spots of necrosis; 4, necrotic spots in inoculated area; 5, inoculated area completely necrotic. The score for each genotype corresponded to the modal value among all the plants that were evaluated after the 7th observation. Plants with a score of 2 or less were considered to be resistant, and those that scored above 2 were considered to be susceptible (Riva-Souza, 2006) . Any plant that could clearly be distinguished from others in the same RIL was considered atypical, and this criterion was used to verify the homogeneity of the lines. Per SNPC (Brasil, 2006) , 2 was the maximum number of phenotypically distinct individuals that could exist within one RIL to consider a studied genotype homogeneous according to the descriptors used.
Molecular analysis using ISSR was conducted at Laboratório de Melhoramento Genético Vegetal of UENF. DNA extraction was performed in young leaf tissue collected from the same plants obtained for evaluating resistance to BS before inoculation. Leaves from 10 plants of each genotype were harvested in bulk. Approximately 50 mg macerated tissue was transferred to 1.5-mL tubes and immersed in liquid nitrogen for DNA extraction, which was performed with a Plant Genomic DNA Mini Kit (Kit YGP100) according to manufacturer instructions.
DNA concentration was determined using a Pico100 spectrophotometer (Picodrop Microliter UV/Vis Spectrophotometer with UVpette Tips), the absorbance was measured at wavelengths of 260 and 280 nm, and the purity of DNA samples was analyzed according to the A 260 /A 280 ratio. Concentration was determined using 2-µL samples that were preserved for further use. In addition, samples were examined on 1.0% agarose gel and stained with a mixture of 6X Juice Blue and 0.002X Gel Red in a 1:1 ratio. The gel was visualized with ultraviolet light (MiniBIS Pro, Bio-Imaging Systems).
To improve the purity, we centrifuged the DNA again at 13,000 g for 5 min and the pelleted impurities were eliminated. The purified DNA was then diluted 10-fold and rinsed with RNase to obtain the final working solution.
Preliminarily, 47 ISSR primers were tested using 3 genotypes. Of these 47 primers, the following 15 were selected owing to their greater polymorphism: (CAC) 3GC; (AG) 8YT; (GA) 8C, (CT) 8G; (AC) 8T; (AG) 8YC; (AG) 8YA; (GA) 8YT; (CA) 8RG; (GT) 8YC; (ATG) 6; VHV (GT) 7; (ATC) 6T; [G (CTA)] 6; (AG) 7C.
The amplification reactions were completed in a final volume of 13 µL containing
Plant organ Characteristic description
Leaf Length: short (3), average (5), long (7) Width: narrow (3), medium (5), large (7) Green color: clear (3), middle (5), dark (7) Pubescence: absent (1), sparse (3), middle (5), dense (7) Roughness: absent (1), weak (3), middle (5), strong (7) Flower Position: erect (1), intermediate (3), pendant (5) Position of stigma: insert (3), the same level (5), exerted (7) Peduncle Size: short (3), medium (5), long (7) Thickness: thin (3), medium (5), thick (7) Placenta Size: small (3), medium (5), large (7) Fruit Intensity of color before maturity: clear (3), middle (5), dark (7) Length: very short (1), short (3), medium (5), long (7), very long (9) Diameter: very small (1), small (3), medium (5), large (7), very large (9) Predominant shape in longitudinal section: flat (1), round (2), heart (3), square (4), rectangular (5), trapezoidal (6), triangular (7), narrow-triangular (8), horn (9), oval (10), elliptical (11) Predominant shape of the transversal section: elliptical (1), angled (2), rounded (3) Surface texture: smooth (1), slightly wrinkled (2), strongly corrugated (3) Depth of the depression: absent or very shallow (1), shallow (3), means (5), deep (7), too deep (9) Shape of apex: acute (3), rounded (5), depressed (7) Depth of the interlocular grooves: absent or very shallow (1), shallow (3), means (5), deep (7), too deep (9) Pericarp thickness: thin (3), middle (5), thick (7) Capsaicin: absent (1), present (2) the following reagents: 6.1 mL ultrapure water; 1.5 mL 10X buffer; 0.78 mL 25 mM MgCl 2 ; 1.5 mL 2 mM deoxyribonucleotide triphosphate; 1.0 mL 5 μM primers; and 0.12 U Taq DNA polymerase. This mixture was applied to 2 μL DNA at 0.5 ng/μL. The amplified fragments were separated on 2.0% agarose gel stained with a mixture of 6X Juice Blue and 0.002X Gel Red (1:1) and visualized with ultraviolet light (MiniBIS Pro). The gel images were captured for later analysis.
From bands generated with each primer, a binary matrix was constructed that was used to calculate the dissimilarity matrix using the arithmetic complement of the Jaccard index. For clustering analysis, we used the unweighted pair group with arithmetic mean (UPGMA) and Tocher methods. The clusters were validated using the cophenetic correlation coefficient (Sokal and Rohlf, 1962) . The resolving power of the primers was calculated according to methodology proposed by Prevost and Wilkinson (1999) . Statistical analyses were performed using the R program (R Development Core Team, 2006) with the exception of the Tocher method, which was obtained using the Genes program (Cruz, 2006) .
RESULTS AND DISCUSSION
During the field experiment, temperatures ranged from 16.6° to 32.7°C and were favorable for BS occurrence (Marcuzzo et al., 2009 ). However, no disease symptoms corresponding to BS were observed in plants, and therefore evaluation of resistance to a natural occurrence of the pathogen was not carried out.
Significant differences were observed among the genotypes studied. However, for a cultivar to be considered distinct from the others, the differences between them must be clear. Determining such a difference between two cultivars depends on several factors and, in particular, the type of expression of the trait must be considered (Brasil, 2011) .
Binary characteristics are those in which descriptors can be classified on two levels, and two genotypes should not be considered distinct if both are at the same level of expression. Only the descriptor presence of capsaicin in the placenta matched this criterion. Capsaicin was observed in fruits from RILs 3, 5, 8, 11, and 13, as well as in parent UENF 1381. In RILs 1, 2, and 6 and the cultivar 'Casca Dura Ikeda', capsaicin was absent (Table 2) . These data agree with those obtained by Moreira (2008) . Capsaicin, an alkaloid that confers pungency in the fruits of some Capsicum spp, is produced in the placenta and released when the fruit is physically damaged (Moreira et al., 2006) . The presence and amount of capsaicin in chili pepper cultivars used for culinary purposes differ, and to satisfy the consumer market, cultivars with different levels of pungency must be obtained. The presence of capsaicin should be one of the main characteristics evaluated by Capsicum breeders .
Multicategorical characteristics are descriptors that have more than two levels of expression. When a multicategorical descriptor is distributed on a scale, a single level of expression may be insufficient to differentiate between recombinant lines. Thus, for these descriptors, the lines were considered distinct if they were more than two levels apart. Differences could be observed among genotypes in all multicategorical descriptors (see Table 2 ). However, according to the determinations of the SNPC (Brasil, 2011) , these differences were considered clear enough to discriminate the RILs for only 12 multicategorical descriptors.
The descriptor length of leaf discriminated the parent UENF 1381 from RIL 1 and 'Casca Dura Ikeda'. Leaf pubescence distinguished RIL 1 (which is hairy) from RILs 5, 8, and 13 and 'Casca Dura Ikeda', which lack pubescence. The position of the stigma allowed the differentiation of RILs 2, 6, and 11 from RILs 1, 5, 8, and UENF 1381. RIL 13 was considered different from RIL 6 and 'Casca Dura Ikeda' with respect to the intensity of fruit color before maturation. 'Casca Dura Ikeda' was the only genotype with large fruit diameter. 'Casca Dura Ikeda' was also distinguished from other genotypes by its deep peduncular depression and depressed shape of fruit apex. Along with RIL 11, the commercial genotype was also distinguished by having medium-depth interlocular grooves. No definite scale exists for the descriptors related to fruit shape, for example, its longitudinal and transversal sections. Using these descriptors, we observed the various shapes of fruits among the lines studied: a longitudinal section of fruit ranged from triangular to narrow-triangular (RILs 6 and 11 and 'Casca Dura Ikeda'), horn shaped (RILs 1 and 5), oval (RIL 8), and elliptical (RILs 2, 3, and 13 and parent UENF 1381). RIL 2 was the only genotype with an elliptical transversal fruit section; RIL 6 and UENF 1381 had rounded sections, and the other genotypes studied displayed angular shapes. This diversity of fruit shapes contributes significantly to the sweet and chili pepper markets because it provides alternatives to the producer and the consumer.
With regard to the reaction to BS, we distinguished the lines using criteria suggested by Riva-Souza (2006) . Following these criteria, RILs 1, 2, 6, and 8 and parent UENF 1381 were considered distinct and classified as resistant. For the Capsicum breeding program described in this report, this descriptor is the most important for differentiating the RILs because thus far, no pure lines of sweet or chili peppers with BS resistance have been protected or registered. Only hybrid cultivars that exploit the BS resistance conferred by the Bs2 gene are registered in Brazil. Because some of the RILs are resistant to BS, using only this descriptor should be enough to differentiate these RILs, which are potential candidates to be released as cultivars, from other genotypes (Brasil, 2006) . Nevertheless, homogeneity and stability should also be carefully analyzed in the request for protection of cultivars, and tests of value for cultivation and use should be required to apply for registration of future cultivars.
The RILs were separated into two groups when the descriptor fruit length was considered. The first group was composed by RILs 1 and 5 and 'Casca Dura Ikeda', which produced fruits with average length; the remaining genotypes composed the second group and had short fruits. These genotypes should not be considered distinct, because to do so, they should have at least two different levels of expression between them. However, when the fruit length of each genotype was measured, the clustering of means showed that 'Casca Dura Ikeda' had the longest fruit length and was significantly different from the other genotypes (Moreira, 2012) .
RILs evaluated in this study were originally derived from crosses between accessions UENF 1381 and UENF 1421, and thus far, the selection made in the advanced generations of this bi-parental cross are considered to have several agronomic attributes and resistance to BS (Moreira, 2008; Riva-Souza et al., 2009; Moreira et al., 2009 Moreira et al., , 2010 . Thus, the presence of different phenotypic expressions in the descriptors evaluated shows the variability of the RILs, even those aiming for selection for specific traits, as well as the efficiency of these descriptors in the differentiation of RILs.
Homogeneity is demonstrated by the variation in the expression of relevant traits in plants that comprise a cultivar, and when these plants are very similar, atypical plants are easily identified visually and the difference may occur only in one part of the plant, which should determine whether the plant is diverging from the standard of the cultivar (Brasil, 2011) . Despite this recommendation, in the present study, we did not consider this point, i.e., any variation observed was quantified and reported.
Plants that could be considered to lie outside of the RIL or cultivar standard were not observed in 9 of the 22 descriptors evaluated. Two other descriptors identified a number of nonstandard plants below the limit defined for SNPC, resulting in 11 descriptors in which plants inside the lines were considered homogeneous (see Table 2 ).
The RILs with low numbers of heterogeneous descriptors were 1 (5 descriptors), 3 (7 descriptors), and 6 (8 descriptors). RILs 2, 5, 8, and 11 and 'Casca Dura Ikeda' showed heterogeneity for 9 descriptors. In this sense, the genotype used on a commercial scale in Brazil and registered at Ministério da Agricultura, Pecuária e Abastecimento has the same level of heterogeneity as that of the recombinant lines tested here. Heterogeneous lines for a smaller number of descriptors (RILs 1, 3, and 6) should be studied to obtain uniformity in the plants for a majority of descriptors. For the remaining lines, it should also occur; however, as the number of heterogeneous characters is greater, probably the desired level of homogeneity require more effort and dedication.
The degree of change in any genotype tested results from a combination of genetic and environmental components. The environmental influence varies with the type of expression of the characteristic, and for multicategorical characters, levels of variation due to environment are higher compared with those for binary characters. For the presence of capsaicin, the only binary descriptor used in this study, plants with different patterns within the same genotype were only registered to RIL 6. Segregation for capsaicin presence within this line has also been observed by Moreira et al. (2006) . Pungency in C. annuum is conditioned by the C gene located on chromosome 2 (Lippert et al., 1965; Blum et al., 2002) . However, the amount of capsaicin is a quantitative trait influenced by environmental conditions, crop management, and maturation stage of the fruit (Wagner, 2003) .
The genetic component of change is influenced by the propagation mode of the cultivar: little or no variation between plants is expected for autogamous plants or clonally propagated species within one line; in autogamous plants with some degree of crossfertilization, a slight variation in plants within the same line is tolerated (Brasil, 2011) . Although C. annuum is considered a self-compatible autogamous species with hermaphrodite flowers, the rate of natural cross-pollination can occasionally reach 75%. In addition, Faria Júnior et al. (2008) concluded that at least 10 species of insects visit pepper flowers and that insect pollination has a positive impact on the mass, diameter, pericarp thickness, and seed number of fruits produced. Thus, in addition to impairing the homogeneity of lines, the action of pollinators helps to increase the seed number in fruits originated through cross-pollination.
Notably, during the progression of the generations and experiments to evaluate genotype-environment interaction, the lines tested were cropped close to each other, possibly favoring outcrossing, which reinforces the need to evaluate the homogeneity of the genotypes at different stages of the breeding program. To avoid outcrossing, the flowers in every experiment should be protected before anthesis, and seeds for use in the next stages of the program should be removed only from the fruits of these flowers. Protecting flowers is a time-consuming job and requires very careful attention to ensure that the flower does not fall before or after fertilization.
Although phenotypic characterization has been effective in differentiating genotypes, the phenotypic descriptors do not offer total security in the analysis of the divergence between the lines owing to lack of polymorphism, environmental interference, dependence on the stage of plant development, and the type of character inheritance (Costa et al., 2009) . In addition, it should be considered that the Capsicum RILs used in this study have the same genealogy (Becher et al., 2000; Priolli et al., 2002) . To investigate more thoroughly the genetic heterogeneity among RILs, we used the information obtained in ISSR studies.
Eighty-two polymorphic and 8 monomorphic bands were observed during the analysis of the gels. The resolving power ranged from 1.0 [primers VHV(GT) 7] to 3.8 [primers (AG) 8YT, (AG) 8YC, and (AG) 7C], which are considered low compared to data obtained by Prevost and Wilkinson (1999) , who obtained resolving power of 10.6 and 12.5 for 2 ISSR primers capable of distinguishing 34 potato cultivars.
The low genotype differentiation capacity of the primers used in our study may have occurred because the lines are closely related genotypes. However, Reddy et al. (2002) reported that the use of ISSR markers is a very efficient technique in distinguishing genotypes even though they are closely related. Thus, optimization of the conditions of DNA extraction, sample preparation, and amplification must be undertaken to obtain better results.
Cluster analysis using the UPGMA method, with a cut of 50%, led to the formation of 5 groups (Figure 1 ). Group I was formed solely by RIL 1. Group II comprised RILs 6, 8, 11, and 13, 'Casca Dura Ikeda', and UENF 1381. The other groups were also formed by single RILs: group III corresponded to RIL 3, group IV to RIL 2, and group 5 to RIL 5.
Although we expected to achieve better differentiation among RILs using molecular analysis, only 4 of the 8 RILs (1, 2, 3, and 5) were clearly separated in isolated clusters with ISSR markers using the UPGMA method. In an assessment of genetic diversity of the Capsicum collection assembled by Costa et al. (2009) , only with the combination of morphological data and molecular markers was it possible to completely distinguish the accessions tested and exclude the existence of duplicates. Giancola et al. (2002) observed that the best technique for differentiating soybean genotypes is the combination of simple sequence repeat markers and morphological descriptors. The same result was observed in the present study, because the molecular analysis had to be considered in conjunction with other descriptors to ensure proper identification of the genetic diversity of genotypes.
The cophenetic correlation coefficient was high (0.85), showing that the dendrogram reflects the dissimilarity matrix obtained by the arithmetic complement of Jaccard, demonstrating the consistency of clustering (Sokal and Rohlf, 1962) . In the clustering by the Tocher method, there was also the formation of 5 groups, however, with some changes. The differences are in group I, which was formed by RIL 1, 8 and 13, in addition to cultivar 'Casca Dura Ikeda' and parent UENF 1381, and in group II, which was formed by the RILs 6 and 11. The other lines (RILs 2, 3 and 5) were individually clustered.
It is concluded that there are binary and multicategoric descriptors able to distinguish RILs that have the potential to be released as new cultivars. Among the descriptors suitable for such distinctions are leaf length, leaf pubescence, stigma position, fruit length, fruit diameter, predominant form in longitudinal and transversal fruit section, and reaction to BS. Some descriptors were heterogeneous in all genotypes; however, RILs 1, 3, and 6 were more homogeneous, and RILs 2, 5, 8, and 11 were heterogeneous for the same number of descriptors as that of the traditional cultivar 'Casca Dura Ikeda'. The clustering of the RILs based on molecular analysis allocated three RILs in isolated groups, contributing to the discrimination of the genotypes studied. Considering homogeneity level along with resistance to BS, RILs 1 and 6 are suitable for use as pre-cultivars in final tests to register and release 2 new C. annuum cultivars. RILs 2 and 8 also have potential to be released as cultivars owing to their resistance to BS; however, the homogeneity of these RILs should first be achieved through new generations of controlled self-pollination.
